Abstract: The transmission performance of multichannel adaptively modulated optical orthogonal frequency-division multiplexing (AMOOFDM) signals is investigated numerically, for the first time, in optical-amplification-free and chromatic-dispersion-compensation-free intensity-modulation and direct-detection systems directly incorporating modulated distributed feedback (DFB) lasers (DMLs). It is shown that AMOOFDM not only significantly reduces the nonlinear wavelength-division multiplexing (WDM) impairments induced by the effects of cross-phase modulation and four-wave mixing but also effectively compensates for the DML-induced frequency chirp effect. In comparison with conventional modulated optical orthogonal frequency-division multiplexing (OFDM), which uses an identical signal modulation format across all the subcarriers, AMOOFDM improves the maximum achievable signal transmission capacity of a central WDM channel by a factor of 1.3 and 3.6 for 40-and 80-km standard single-mode fibers, respectively, with the corresponding dynamic input optical power ranges being extended by approximately 5 dB. In addition, AMOOFDM also causes the occurrence of cross-channel complementary modulation format mapping among various WDM channels, leading to considerably improved transmission capacities for all individual WDM channels.
Introduction
In recent years, wavelength-division-multiplexed passive optical networks (WDM-PONs) have gained overwhelming research and development interests, as WDM-PONs are capable of offering a large number of excellent features including, for example, high-quality data service with guaranteed wide bandwidth, large split ratio, aggregated traffic backhauling, simplified network architecture, and enhanced end user privacy [1] , [2] . Of various proposed WDM-PON architectures, extended-reach dense WDM-PONs (ER-DWDM-PONs) have been regarded as a promising strategy for high-capacity next-generation PONs (NG-PONs), since ER-DWDM-PONs not only preserve all the aforementioned key features associated with conventional WDM-PONs but also enable the convergence of optical access networks and metropolitan area networks [3] , thus resulting in a significant reduction in the number of equipment interfaces and network elements. For practical deployment of ER-DWDM-PONs, the most critical challenges are cost-effectiveness and flexibility [4] .
To achieve cost-effective ER-DWDM-PONs, intensity modulation and direct detection (IMDD) has been adopted as one of the most important technical solutions due to its great network simplicity and low installation and maintenance cost. In particular, a further considerable cost reduction can also be made if directly modulated distributed feedback (DFB) lasers (DMLs) are employed, because, in comparison with external modulators, the DMLs have salient advantages such as low component cost, compactness, relatively small driving voltage required, and high optical output power. On the other hand, to enhance the transmission capacity and system flexibility of ER-DWDM-PONs with their compatibility with existing time-division-multiplexed PONs (TDMPONs) still being preserved to transparently support legacy services, optical orthogonal frequencydivision multiplexing (OOFDM) [4] , [5] has been considered to be one of the strongest contenders, since OOFDM has unique and inherent capabilities of realizing high spectral efficiency [6] and providing, in both the frequency and time domains, dynamic allocation of broad bandwidth among various end users, as well as reducing network complexity due to its resistance to linear dispersion impairments and full use of mature digital signal processing (DSP) [7] .
Compared with conventional OOFDM, which employs an identical signal modulation format across all the subcarriers, the use of adaptively modulated OOFDM (AMOOFDM) can further improve, in a cost-effective manner, signal transmission capacity, network flexibility, and performance robustness [8] . These properties are extremely valuable for ER-DWDM-PONs. In AMOOFDM, the modulation format taken on a subcarrier within a symbol can be adjusted according to the characteristics of a given transmission system, i.e., a high (low) modulation format is used on a subcarrier experiencing a high (low) signal-to-noise ratio (SNR). Any subcarriers suffering very low SNRs may be dropped completely to avoid the occurrence of a large number of errors on these subcarriers [8] .
Therefore, it is greatly beneficial if use is made of the advanced AMOOFDM technique in DMLbased IMDD ER-DWDM-PONs without incorporating expensive in-line optical amplification and chromatic dispersion compensation. Unfortunately, to the best of the authors_ knowledge, no work has been published that explores such a research topic of great importance. Although the WDM OOFDM transmission performance has been reported in [9] and [10] , these works have, however, been focused on long-haul IMDD transmission systems consisting of both external modulators and in-line optical amplifiers. In an IMDD ER-PON architecture involving a DML, the OOFDM transmission performance has been presented in [3] . However, nonlinear WDM impairments have not been addressed, as a single signal channel is considered, and a variable optical attenuator (VOA) is introduced to emulate the possible link loss in ER-WDM-PONs. The utilization of VOAs has been considered to be a fairly common practice for examining the feasibility of implementing a specific transmission technique in conventional low-capacity WDM-PONs with transmission distances of approximately 20 km over standard single-mode fibers (SSMFs), as for such application scenarios, the chromatic dispersion and nonlinear WDM impairments are negligible.
For DML-based IMDD AMOOFDM ER-DWDM-PONs operating at signal bit rates of 9 20 Gb/s over 9 40-km SSMFs, the above analyses bring up two very interesting open questions, i.e., a) under what conditions do the aforementioned common practice still hold, and b) for cases where the nonlinear WDM impairments are dominant, can an effective technical approach be identified to reduce such impairments? From the practical network design point of view, the provision of answers to these two open questions is very crucial, as these answers may have great potential for offering simple, cost-effective, and accurate solutions for evaluating rigorously the feasibility of implementing the AMOOFDM technique in ER-DWDM-PONs. This paper is dedicated to exploring theoretically, for the first time, the multichannel AMOOFDM transmission performance in DML-based IMDD ER-DWDM-PONs. In comparison with the conventional OOFDM technique, detailed numerical investigations of the effectiveness of utilizing AMOOFDM in minimizing the nonlinear WDM impairments induced by cross-phase modulation (XPM) and four-wave mixing (FWM) are undertaken. In addition, the validity of the aforementioned common network evaluation practice is also examined.
WDM AMOOFDM Transmission System

WDM AMOOFDM Transmission System Models
The DML-based IMDD WDM AMOOFDM transmission system considered in this paper is illustrated in Fig. 1 , where both in-line optical amplification and chromatic dispersion compensation are not incorporated. In the transmitter, procedures presented in [8] are adopted to simulate the generation of a real-valued baseband OFDM signal in the electrical domain. Combined with a proper DC bias current, the electrical signal having a positive sign is employed to directly drive a DML, from which an AMOOFDM signal is produced at a specific optical wavelength. After the DML, a VOA is employed to adjust the optical signal power at a required level. Making use of different incoming random data sequences, the aforementioned procedures are repeated to generate new WDM channels of different optical wavelengths spaced at a desired frequency interval. All the WDM signals are then aggregated using a multiplexer (MUX), and the combined WDM AMOOFDM signals are finally launched into a simple IMDD SSMF transmission system.
After transmitting through the SSMF, in the receiver, the received WDM signals are separated by a demultiplexer (DEMUX) with a spectral bandwidth being half of the channel spacing. Each separated WDM channel is detected using a square-law photon detector, in which both shot noise and thermal noise are computed following procedures similar to those presented in [8] and [11] . The down-converted electrical signal is processed using an inverse procedure compared with that adopted in the corresponding transmitter, and data is finally recovered for each WDM channel.
To simulate the nonlinear optical properties of a DFB-laser-based DML, here, a lumped DFB laser model developed in [11] is adopted, taking into account a wide range of nonlinear effects such as longitudinal-mode spatial hole burning, linear and nonlinear carrier recombination, and ultrafast nonlinear gain compression. The theoretical DML model also includes the transient frequency chirp effect, which originates from the variation of refractive index with carrier density set by the applied electrical driving current. Both theoretical and experimental investigations [6] , [8] , [12] have shown that such a frequency chirp plays a dominant role in determining the DML-induced transmission performance degradation. On the other hand, in the theoretical DML model, the DFB adiabatic frequency chirp arising due to the static electrical power dependence of refractive index is not considered, as such a chirp effect is negligible due to the fact that the time-domain electrical driving current is continuous and noise-like and has a relatively small signal extinction ratio [13] . The validity of the theoretical DML model has been confirmed by excellent agreements with experimental measurements [5] , [6] . In addition, the theoretical DML model has also been used successfully in both multimode fiber (MMF)-and SSMF-based transmission systems of various architectures [8] , [11] , [14] , [15] .
In this paper, a comprehensive SSMF model used successfully in [8] and [13] - [16] is also employed, taking into account the effects of fiber loss, chromatic dispersion, and polarization dependence of Kerr nonlinearity. In particular, the SSMF model includes self-phase modulation (SPM) in each of two orthogonal linear polarization states: XPM between the two polarization states and polarization-dependent FWM terms [17] . Clearly, for one or more optical signals split into two polarization states, the magnitudes of the XPM and FWM terms also vary with the polarization states of the signals.
WDM Channel-Bit-Loading Algorithm
As already mentioned in Section 1, AMOOFDM enables the signal modulation format taken on each subcarrier within a symbol to vary, depending upon the characteristics (such as frequency response) of a specific transmission system. Throughout this paper, for each WDM channel, a wide range of signal modulation formats may be utilized, which includes differential binary phase-shift keying (DBPSK), differential quadrature phase-shift keying (DQPSK), and 16-quadrature amplitude modulation (QAM) to 256-QAM. Signal modulation formats taken on individual subcarriers within an AMOOFDM symbol for a specific wavelength channel determine the signal line rate of the wavelength channel. The signal line rate of each WDM channel is computed by
where j is the index of the WDM channel. N sj À 1 is the total number of data-bearing subcarriers in the positive frequency bins, n kj is the total number of binary bits conveyed by the k th subcarrier within one symbol period, r sj is the sampling rate of an analog-to-digital converter (ADC)/digital-toanalog converter (DAC) employed in the jth WDM channel, and C pj is the cyclic prefix parameter defined in [8] , [11] . Through negotiations between the transmitter and the receiver in the initial stage of establishing a transmission link, the signal capacity of the jth WDM channel can be maximized by assigning the highest possible signal-modulation format on each subcarrier. This operation is conducted by monitoring the total bit-error rate (BER) of the jth WDM channel, i.e., BER Tj , and its corresponding subcarrier BER, i.e., BER kj , both of which are defined as
where En kj is the total number of errors detected over the entire data sequence adopted in the jth WDM channel, and Bit kj is the total number of transmitted binary bits of the data sequence adopted in the jth WDM channel. Both En kj and Bit kj are for the k th subcarrier. It should be noted that the signal line rate computed using (1) is considered to be valid only when the corresponding BER Tj ¼ 1:0 Â 10 À3 is satisfied. For a given WDM AMOOFDM transmission system, the WDM channel-bit-loading algorithm adopted in numerical simulations is described as followings:
1) A single channel located in the center of the WDM window is first transmitted through the system. Through negotiations between the transmitter and the receiver according to the total channel BER and the corresponding subcarrier BER, the highest modulation format taken on each subcarrier within a symbol is identified. Any subcarriers suffering very low SNRs may be dropped completely if the corresponding BERs are still very large, even if they are encoded using DBPSK. Such negotiations are essential for the following two reasons: i) An IMDD SSMF transmission system has a Gaussian-shaped frequency response profile, which narrows rapidly with increasing transmission distance [6] , [13] - [16] ; and ii) the DFB frequency chirp considerably distorts the system frequency-response profile [6] , [8] .
2) The signal-modulation formats identified above are applied on the corresponding subcarriers of each of the remaining WDM channels. A combined WDM signal is thus produced and then transmitted through the transmission system. 3) After transmission, for each of the WDM channels, the signal-modulation formats are adjusted independently according to their individual total channel BER and subcarrier BER. These WDM signals are then recombined and transmitted over the same system. 4) Step 3 repeats until a maximum signal capacity at BER T % 1:0 Â 10 À3 is achieved for each individual WDM channel. As discussed in Sections 3-5, the joint manipulation of signal modulation format taken on different subcarriers for all the WDM channels is to effectively reduce the FWM-induced WDM impairments, thus leading to a considerably increased transmission capacity for each WDM channel, compared with that obtained using the conventional OOFDM technique.
It is also worth pointing out that, in the WDM channel bit-loading algorithm, an identical electrical power for each nondropped subcarrier is adopted, regardless of the modulation format used. In comparison with a complex bit and power-loading algorithm widely used in digital subscriber line (DSL) systems [18] , the present algorithm gives rise to a very similar signal capacity and, more importantly, significantly reduces the execution time. The reduction in execution time is of great importance, owing to the extremely complexity of the simultaneous maximization of signal modulation formats over several WDM channels.
As an example, a representative modulation format distribution across all the subcarriers is illustrated in Fig. 2 for five WDM AMOOFDM channels after passing through a DML-based IMDD 40-km SSMF transmission system.
In Sections 4 and 5, to demonstrate the effectiveness of AMOOFDM in IMDD WDM systems, the transmission performance of the conventional OOFDM technique is also presented, in which an identical signal modulation format is taken on each subcarrier within a symbol for each individual WDM channel. The selected modulation format is at the highest possible level to ensure that the BER T better than 1:0 Â 10 À3 is still satisfied.
Simulation Parameters
Five 50-GHz equally spaced WDM channels are considered with the central channel being positioned at 1550 nm. These channels have identical optical powers launched into the SSMF systems. For each individual WDM channel, a total number of 64 (2 Ns) subcarriers are utilized, of which 31 subcarriers carry real data, and one contains no power. The remaining 32 subcarriers are the complex conjugate of the aforementioned 32 subcarriers to enforce Hermitian symmetry in the input facet of the inverse fast Fourier transform (IFFT). The cyclic prefix parameter is taken to be 25% [8] . The ADC/DAC operates at a 12.5-GS/s sampling rate [8] , which gives rise to a sampling time duration of 80 ps. Detailed explorations of the influence of quantization and clipping noise on the transmission performance of the AMOOFDM signals have been undertaken in [19] , in which an optimum 7-bit resolution and an optimum clipping ratio of 13 dB are identified for signal-modulation formats up to 256-QAM. Therefore, these identified optimum parameter values are adopted in this paper.
All the parameters adopted for both the SSMFs and DFBs can be found in [8] and [11] , respectively. In particular, the DFB operating conditions of a 30-mA bias current and a 15-mA peakto-peak driving current are adopted, which are the optimum values for IMDD SSMF systems with transmission distances of interest of this paper [8] . In the receiver, a p-i-n photo-detector is employed having a quantum efficiency of 0.8 and a sensitivity of À19 dBm [corresponding to a 10-Gb/s non-return-to-zero (NRZ) data for a BER T of 1:0 Â 10 À9 ].
Cross-Channel Complementary Modulation Format Mapping
To demonstrate the effectiveness of the WDM channel-bit-loading algorithm described in Section 2, and to gain an in-depth understanding of the results presented in the following sections, discussions are first made of distributions of signal modulation formats across different subcarriers for five WDM channels with the same signal polarization states at the input of the transmission system. The simulated results are illustrated in Fig. 2 which obtain that the transmission distance and the optical launch power per channel are fixed at 40 km and 0 dBm, respectively. As expected, Fig. 2 shows that, of all the five WDM channels, wavelength channel 3 has the lowest average signal modulation format level and, thus, the smallest transmission capacity of 18.28 Gb/s, while wavelength channel 1 and wavelength channel 5 have higher average signalmodulation format levels and, thus, larger transmission capacities of 21.72 and 21.56 Gb/s, respectively. While the transmission capacities of wavelength channel 2 and wavelength channel 4 are 19.69 and 20.63 Gb/s, respectively. This arises due to crosstalk induced by FWM among different WDM channels. It is easy to understand that the central channel suffers the strongest crosstalk effect and that such an effect decays with increasing frequency difference from the central channel. As a direct result of the triangle-shaped signal spectral distortion across the entire WDM window, crosschannel complementary modulation format mapping occurs, as seen in Fig. 2, i. e., relatively highsignal-modulation formats are taken on high-frequency subcarriers for wavelength channel 1 and wavelength channel 2, while relatively low-signal-modulation formats are taken on high-frequency subcarriers for wavelength channel 4 and wavelength channel 5. Such a cross-channel complementary nature is possible only when AMOOFDM is applied, indicating that AMOOFDM can mitigate, to some extent, the FWM effect and subsequently leads to improvements in both the overall signal capacity of the entire WDM transmission system and each individual WDM channel capacity, in comparison with the conventional OOFDM technique.
It can also be seen in Fig. 2 that, for each individual WDM channel, relatively low-signal modulation formats appear on both sides of the signal spectrum. The low-modulation formats on the low-frequency subcarriers are due to the subcarrier Â subcarrier intermixing effect, which takes place upon direct photon detection in the receiver [14] , [16] , and the low-modulation formats on the high-frequency subcarriers are mainly because of the effects of the DML-induced frequency chirp and system frequency response roll-off [6] , [14] , [15] .
As the FWM effect causes the central channel to have the worst transmission performance among all the WDM channels, only the transmission performance of the central channel is, therefore, presented in all the following sections.
Adaptive-Modulation-Induced Reduction in WDM Impairments
To investigate in detail the impacts of the effects of XPM and FWM on the transmission performance of the worst-case central WDM channel, numerical simulations are undertaken for three different polarization conditions at the input facet of a transmission system, as shown in Fig. 3 : Case (a) consists of five x-polarized WDM channels, the central channel experiences the XPM, and FWM effects; in Case (b), the central channel is set at y-polarization, and the other four WDM channels remain at x-polarization. Such a signal polarization arrangement leads to the central channel suffering from the XPM effect only, which is one third weaker than that in Case (a) [17] . Finally, Case (c) just includes a single x-polarized channel, where the XPM and FWM impairments do not exist. It should be pointed out that the similar SPM effect is always present in each WDM channel for all three different cases.
The signal line rate of the central WDM channel versus optical launch power per channel is plotted in Fig. 4 for a DML-based 40-km IMDD transmission system subject to three polarization conditions defined in Fig. 3 . To highlight the XPM and FWM effects only, in simulating Fig. 4 , the conventional OOFDM technique is considered for all the WDM channels. The developing trends of signal transmission capacity shown in Fig. 4 are very similar to those observed in [9] . By comparing the three different curves shown in Fig. 4 , it is clear that XPM plays a dominant role in determining the maximum achievable transmission performance of the central channel for optical launch powers larger than 0 dBm. Compared with the XPM effect, the FWM effect is relatively weaker, which, however, increases exponentially with decreasing channel spacing. On the other hand, for optical launch powers less than 0 dBm, the XPM-and FWM-induced nonlinear WDM impairments are negligible, implying that the use of VOAs in evaluating the WDM network performance is sufficiently accurate. However, for optical launch powers beyond such a value, the linear network evaluation approach is not valid. In Case (c), the reduction in signal transmission capacity for optical launch powers of 9 20 dBm is contributed by the SPM effect.
It is very interesting to note that the use of AMOOFDM can considerably reduce the nonlinear WDM impairments induced by XPM and FWM, as seen in Figs. 5 and 6. In Fig. 5 , performance comparisons are made between AMOOFDM and conventional OOFDM for Case (b) and Case (c), and in Fig. 6 , similar comparisons are made for Case (a). These figures show that, as a direct result of cross-channel complementary modulation format mapping presented in Section 3, the adaptivemodulation-enabled performance enhancement is more pronounced for the WDM case than that for the single-channel case. In addition, compared with conventional OOFDM, in the WDM nonlinearity-limited performance region, AMOOFDM not only improves the maximum achievable signal bit rate by a factor of 9 1.3 but also extends the optimum optical launch power by about 5 dB.
Apart from the reduction in the FWM-induced crosstalk effect via cross-channel complementary modulation format mapping, the significantly improved transmission performance observed in Figs. 5 and 6 is also due to the fact that the AMOOFDM can also produce a signal peak-to-average power ratio (PAPR) lower than that corresponding to conventional OOFDM. This is because AMOOFDM decreases the probability of independently modulated subcarriers being added up coherently by the IFFT. This statement is confirmed in Fig. 7 , where the signal peak occurrence probability density versus PAPR is plotted for AMOOFDM and conventional OOFDM. The signal peak occurrence probability density is defined as
where n PAPR is the total number of signal peaks occurring within a power variation range of 1 dB with respect to a specific PAPR value, and n T is the total number of signal peaks occurring within the entire PAPR range. It should be noted that, in calculating Fig. 7 , use is made of the optical signals emerging at the output facet of a 40-km transmission system at an input optical power of 5 dBm. It can be seen in Fig. 7 that, in comparison with conventional OOFDM, AMOOFDM produces more signal peaks in a low-PAPR region of G 4 dB and fewer signal peaks in a high-PAPR region of 9 4 dB. As the XPM-related optical phase is proportional to the intensity of the other signal channel travelling simultaneously over the same fiber, a small PAPR gives rise to the reduced XPM effect, as seen in Figs. 5 and 6. In addition, it is also easy to understand that a low PAPR also results in a reduction in the FWM effect [17] .
According to the above analyses, it is very easy to understand that the effectiveness of utilizing adaptive modulation to compensate for the nonlinear WDM impairments can be enhanced considerably with increasing transmission distance. As an example, in comparison with conventional OOFDM, for a transmission distance of 80 km, numerical simulations show that AMOOFDM can improve the maximum achievable signal bit rate of the central channel by a factor of 3.6, which is approximately three times higher than that corresponding to the 40-km transmission distance case.
DML Frequency Chirp Compensation
Apart from the aforementioned significant reduction in the XPM and FWM effects, use can also be made of AMOOFDM to effectively compensate for the DML-induced frequency chirp effect, as shown in Fig. 6 , where comparisons of the transmission performances for Case (a) are made between a DML and an ideal intensity modulator to distinguish clearly the impacts of the DMLinduced frequency chirp effect. The output optical signal from the ideal intensity modulator S o ðt Þ can be written as Fig. 7 . Signal peak occurrence probability density versus PAPR for AMOOFDM and conventional OOFDM. The optical launch power is fixed at 5 dBm, and the transmission link is 40 km.
where S e ðt Þ is the total electrical current applied to the DML. It is shown in Fig. 6 that the DMLinduced frequency chirp effect degrades dramatically the transmission performance. This is in very good agreement with results presented in [8] and [15] . More importantly, compared with conventional OOFDM, AMOOFDM is capable of improving considerably the transmission performance across the entire optical launch power range, especially for optical launch powers of 9 0 dBm. Such behaviors can be explained by considering the fact that the DML frequency chirp distorts considerably the optical signal spectrum via lifting up the high-frequency spectral region by approximately 10 dB after transmitting through 40-km SSMFs [8] . AMOOFDM can fully utilize all parts of the spectrum by taking low-signal-modulation formats on the most distorted spectral regions, as illustrated in Fig. 2 . This causes the transmission performance enhancement over the entire optical launch power region of interest of the present paper. Moreover, AMOOFDM can also reduce the signal PAPR, resulting in a small electrical signal current variation and, thus, a low DML frequency chirp [12] . Such an effect is more significant for high optical launch powers. It is also worth pointing out that the DML-induced frequency chirp increases the walk-off effect between different wavelength channels, whose contribution to the FWM effect is, however, negligible, as the AMOOFDM signals have noise-like time-domain waveforms with approximated Gaussian probability density functions [8] , [11] , [13] .
Conclusion
The transmission performance of multichannel AMOOFDM signals has been explored numerically, for the first time, in DML-based IMDD SSMF systems without involving in-line optical amplification and chromatic dispersion compensation for ER-DWDM-PONs. It has been shown that AMOOFDM cannot only significantly reduce the nonlinear WDM impairments induced by the XPM and FWM effects but can also effectively compensate for the frequency chirp effect associated with the DMLs. Investigations have also revealed that, in comparison with conventional OOFDM, AMOOFDM improves the maximum achievable signal transmission capacity of a central WDM channel by a factor of 1.3 and 3.6 for 40-km and 80-km SSMFs, respectively, with the corresponding dynamic input optical power range being extended by approximately 5 dB. In addition, the adaptivemodulation-enabled performance enhancement is more pronounced for optical launch powers of 9 0 dBm. Furthermore, AMOOFDM also enables the occurrence of cross-channel complementary modulation format mapping, leading to considerably improved transmission capacities for each individual WDM channel and the entire WDM transmission system. The present work suggests that AMOOFDM is promising for practical implementation in ER-DWDM-PONs. From the practical implementation point of view, the maximum achievable signal-transmission capacity of the system of interest of the paper is mainly limited by the following three factors including properties of DACs/ADCs adopted, DML-induced relatively smallsignal extinction ratio, and subcarrier intermixing upon direct photon detection in the receivers. It is also worth mentioning that following the successful experimental demonstration of 11.25-Gb/s real-time end-to-end OOFDM transceivers [20] , experimental verifications of the theoretical predictions are currently being undertaken, and results will be reported elsewhere in due course.
